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ABSTRACT: The atomic structure of “pinwheel” TiO∼1.2 ultrathin
oxide (w-TiO-UTO) layer and its reaction with gold are studied by
scanning tunneling microscopy (STM) imaging and density functional
theory (DFT) calculations. The UTO ﬁlm was formed as an
encapsulation layer on the top facet (111) of stripe-like Rh nanoparticles
supported on a TiO2(110) substrate. For proposing a structural model,
the previous STM, photoelectron (XPS), and ion scattering spectros-
copy (LEIS) results were also taken into account. DFT calculations were
carried out within the generalized gradient approximation (GGA-PBE)
in the frame of the Quantum Espresso code. A Rh(111) slab of four
layers with a TiO1.14 overlayer and a Rh−Ti−O stacking sequence were
used. In the starting model, the ratio between hcp and fcc sites ﬁlled with Ti atoms was 1.54 (the same value for O atoms was
2.2) on the top of Rh layers. The simulation of the STM images of the relaxed structure was done following the Tersoﬀ−
Hamann approximation. The main structural characteristics obtained experimentally were successfully reproduced in the
simulation results: (i) the chemical contrast appeared as a pinwheel structure and (ii) compared with an ideal hexagonal lattice,
characteristic local distortions were found in the UTO ﬁlm. In harmony with the experimental results, the DFT calculations of
the adsorption of a single Au atom on a w-TiO-UTO layer indicated that there is a characteristic site preference within the unit
cell of the UTO ﬁlm. This feature was also experimentally demonstrated for the early stage of the deposition of Au at room
temperature, suggesting a moderate template eﬀect adjusted by the pinwheel structure. This work demonstrates clearly that the
lack of the so-called “nanoholes” does not completely cancel the template eﬀect because the periodic lattice strain in itself
substitutes their role. Moreover, the weaker modulation of Au/TiO-UTO bond permits the formation of one atomic layer thick
2D gold nanoparticles at 300 K.
■ INTRODUCTION
Long-range ordered ultrathin oxide (UTO) ﬁlms formed in a
completely oxidized or a partially reduced form with
determined stoichiometry are recently the subject of intensive
experimental and theoretical work.1−4 The interest toward
ultrathin ﬁlms (oxide, covalent, or metal) derives from their
unexpected structural and electronic properties that are
completely diﬀerent with respect to their bulk counterparts.
Moreover, the huge interest for these ﬁlms not only originates
from fundamental aspects but also connects to the techno-
logical importance of the fabrication of diﬀerent supported or
self-supporting 2D materials like oxides, graphene, dichalcoge-
nides, or polymers.1,3,5−7 Concerning the UTO ﬁlms, they
usually possess charge distribution balanced via strained atomic
positions, which is also controlled by the substrate supporting
them. The result is a periodic supercell (2 to 3 nm) structure
making these ﬁlms excellent candidates as templates.8−10 This
latter topic connects to the nanotechnology concept previously
described using UTO ﬁlms as nanotemplates for tailored
growth of metal nanoparticles. Although, the controlled growth
of the UTO ﬁlms on diﬀerent metal surfaces is not a new idea,
nevertheless, it became possible only recently that the
formation of an epitaxial oxide ﬁlm can be followed on an
atomic scale by scanning probe microscopy (SPM) techni-
ques.1,2,4 The results obtained in the past decade obviously led
to a successful synthesis of the ﬁndings.11−13 The most
indicative parameter used for the characterization of UTO ﬁlms
is the oxidation state of the cation and the wetting ability of the
oxide layer on diﬀerent support metals. In general, the low
oxidation state results in a high wetting ability and the
appearance of unusual patterns like “wheel” or “zig-zag”
structures.4,11,14−28 Diﬀerent explanations were suggested for
the appearance of these STM patterns: (i) some extent of
alloying of the substrate metal atoms in the UTO overlayer;16,29
(ii) formation of stacking faults of reversed metal−oxygen
positions (O or M termination of the double layer);18 (iii)
building of extra oxygen atoms in a periodic manner in the O-
terminated M-O double layer causing some (10−20%) increase
in the Ti:O = 1 stoichiometry; the supercell periodicity is
controlled by the misﬁt of the supporting metal lattice and that
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of the UTO ﬁlm.11,20 The most detailed experimental work has
been performed on Pt(111) surface to explore all diﬀerent
ordered TiOx phases as a function of the preparation conditions
(O2 pressure, temperature, metal deposition rate).
22 Sedona et
al. provided a detailed discussion on this issue in the light of
bond strength of the diﬀerent constituents of the substrate/
UTO-overlayer system. In another paper they collected and
analyzed the special “wheel” (w) structures (supercell) and
concluded that a simple moire-́model seems to explain a wealth
of experimental data, but probably a complete quantum
mechanical calculation is needed to provide the structural
details within the supercell.23 Several steps in this direction
have already been made.11,21,24,26 On the basis of these studies,
we used an appropriate model in this work for obtaining
simulated STM images reﬂecting the main features observed by
STM for the TiO2(110)/Rh(111)/w-TiO∼1.2-UTO decoration
system.27,28,30,31 Moreover, we tested both experimentally the
adsorption of gold at the low coverage limit and theoretically
the bonding of a single gold atom at the diﬀerent sites of a w-
TiO∼1.2-UTO ﬁlm.
■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
The scanning tunneling microscopy (STM) images of 256 ×
256 pixels presented in this work were recorded by a
commercial room temperature (RT) scanning tunneling
microscope (WA-Technology) built in a conventional UHV
system, which was also equipped by a 4-pocket e-beam metal
evaporator (Oxford Instruments) for deposition of Rh and Au,
a quadrupole mass spectrometer (Balzers), and an Auger-
electron spectrometer (Staib DP-CMA). The cleaning
procedure of TiO2(110) surfaces, the preparation of encapsu-
lated Rh nanocrystallites, and the calibration of STM for the
nanoscale distances are described in detail elsewhere.27,28 The
STM imaging was performed in both constant current (cc) and
constant height (ch) modes. The typical cc-imaging parameters
of Ubias = +1.5 V (in respect to the sample) and I = 0.1 nA were
applied. The deposition of Rh and Au was carried out at a rate
of ∼0.5 ML/min.
DFT calculations were carried out within a generalized
gradient approximation (GGA-PBE), as implemented in the
Quantum Espresso code.32 We employed ultrasoft pseudopo-
tentials and plane-wave basis set.33 The Rh and the O atoms
were described by a 4d85s1 and a 2s2p4 electron conﬁgurations,
respectively. The Ti pseudopotential has a 3s23p64s23d2
conﬁguration including the 3s, 3p semicore states. For Au, a
5d106s16p0 electronic conﬁguration was used. The cutoﬀ
energies for the expansion of the plane-wave basis set and the
electronic density were set to 30 and 300 Ry, respectively. We
used a k-point set of 2 × 2 × 1 for the integration in the
Brillouin-zone. In executing the consecutive calculation cycles,
the convergence was considered achieved when the total energy
diﬀerence was smaller than 0.3 mRy and the diﬀerence of the
atomic forces remained below 0.1 mRy/Bohr.
For the construction of an appropriate structural model, the
unit-cell Wood-matrix (a11 = 7; a12 = 5; a21 = 2; a22 = 7) with
respect to the Rh(111) surface with cell vectors equal to 1.7089
nm was used, similarly as in the model described for
encapsulation TiOx pinwheel layers formed on (111) top
facets of supported Pd nanoparticles.17 Note that in contrast
with the structural model proposed in that paper in which the
surface is terminated by Ti ions, in the present work an M−Ti−
O stacking was considered. The Rh (111) slab has four layers
with Rh−Rh ﬁrst neighbor corresponding to 0.2736 nm. To
separate the slabs in the direction perpendicular to the surface,
we used a vacuum layer of 1.2 nm. All of the atoms of the
supercell were allowed to relax except the two bottom Rh
layers. To study the interaction of w-TiO-UTO layer with a
metallic species, we placed a single gold atom on the adsorption
sites of the relaxed structure (see below), as indicated in Figure
4: on top of Ti atoms of Ti4 (Top4) and Ti3 (Top3), on the top
of oxygen atom (TopO), among the Ti4 atoms and oxygen
atoms (H4), among the Ti3 atoms and oxygen atoms (H6), and
at the hollow site among the bright triangles (H9). Moreover,
we also calculated the change in energy connected to a possible
exchange between the Ti4 or Ti3 atoms with an Au atom. To
determine the change in the electronic structure of the surface
upon gold adsorption, we calculated the projected density of
states (PDOS) and simulated STM images of both the w-TiO-
UTO layer and the best Au/w-TiO-UTO surface conﬁguration.
Note that these simulations were done following the Tersoﬀ−
Hamann approximation, which assumes that the STM current
is proportional to the local density of states.34 STM maps were
calculated at 1.8 V and at a height corresponding to 0.32 nm
above the surface.
■ RESULTS AND DISCUSSION
STM Measurements. The reproducible formation of a
pinwheel ultrathin TiO∼1.2 ﬁlm (w-TiO-UTO) on extended
(111) top facet of supported Rh nanoparticles was described in
our previous works.27−31 In short, ∼10 ML (monolayer) Rh
was deposited on a clean TiO2(110) surface at RT, followed by
10 min annealing at 1050 K. After several cycles of the latter
thermal treatments, large-area 20−30 atomic layer thick Rh
nanoparticles (bright regions in the constant current STM
image) are formed with one edge parallel to [001] crystallo-
graphic orientation of the TiO2(110) support due to a
dewetting process above 950 K (Figure 1a). This observation
is very important because it indicates the direction of the
Rh(111) lattice, which is not detectable immediately by STM
Figure 1. (a) STM cc-image of 200 × 200 nm2 taken on a TiO2(110)
surface decorated by Rh multilayer nanostripes possessing ﬂat
Rh(111) top facet decorated by TiO∼1.2 ultrathin ﬁlm. STM ch-
images of (b) 20 × 20 nm2 and (c) 8 × 8 nm2 recorded on the
decorated top facet. (d) Moire ́ pattern formed by superposition of
Rh(111) and w-TiO-UTO hexagonal lattices.
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due to the covering w-TiO-UTO ﬁlm. Note that the shape of
the particles will gradually become more compact (usually of
hexagonal outline) as an eﬀect of repeated thermal treatments.
The constant height STM image of 20 × 20 nm2 recorded on
the top facet of a Rh nanoparticle shows a highly ordered phase
(Figure 1b). Although the periodicity of the structure is almost
perfect, the larger resolution image of 8 × 8 nm2 reveals two
diﬀerent characteristic triangles consisting of ﬁve or six dots
(T5, T6). In the present case, the T5 form is the typical one
and the position of the T6 forms (indicated by gray circles)
suggests a 1D phase boundary character (Figure 1c). The main
crystallographic orientations and the supercell area are drawn in
Figure 1b. The characteristic periodicity length of 1.66 (±0.05)
nm was determined for the hexagonal supercell. This value is
slightly higher than that given in our ﬁrst work devoted to the
same system,27 nevertheless, the present value can be
considered as a more precise one. The hexagonal lattice
constant determined by both the brighter and darker dots is
0.32 (±0.01) nm. These dots can be identiﬁed with Ti ions of
the w-TiO-UTO ﬁlm (Figure 1c). A further important
parameter is the slight rotation between the close-packed
direction of the w-TiO-UTO overlattice and the Rh(111)
support (the top facet of the Rh nanocrystallites). In the case of
the latter lattice, as previously mentioned, the [001] orientation
of the TiO2(110) surface is an appropriate direction that can be
easily determined. Accordingly, a rotation of 2 to 3 grad was
measured between the Rh and the oxide overlayer lattice. All of
these morphological data can be ﬁtted together in the frame of
a moire ́ construction using two lattices with a unit vector of
0.269 nm − Rh(111) − and another one of 0.32 nm − w-TiO-
UTO − which are rotated by ∼2 grad (Figure 1d). As can be
seen, this simple combined texture provides a clear appearance
of a supercell whose size (∼1.7 nm) is very close to the
periodicity of the pinwheel structure described above. This
result leads to the conclusion that the misﬁt of the two lattices
immediately determines the long-range structural wave of the
metal/UTO system. Nevertheless, a “classic” moire ́ pattern can
be obtained only in the case of a completely oxidized overlayer
like an epitaxial TiO2 ﬁlm on Ru(0001).
35 To explain the large
chemical contrast between the adjacent Ti ions in our case, we
need to assume a special chemical and structural composition
of the layer. Regarding very strong XPS evidence28,30 for the
O:Ti stoichiometry excessing 1 by 10−20% and taking into
account some previous successful theoretical simula-
tions,11,21,24,26 we present below a DFT calculation for a
model structure explaining the STM images recorded on
Rh(111) facets decorated by w-TiO-UTO ﬁlm.
To complete the recent studies on 2-D Au(Rh, Pd)/TiOx-
UTO model systems28,30,31,36,37 and to support the DFT
calculations presented in this work, we investigated the
adsorption of gold on a w-TiO-UTO ﬁlm at the low-coverage
regime. Note that in contrast with our previous work31 where a
higher temperature (400−500 K) of the substrate was applied
during Au deposition, in the present study we used the lowest
temperature (300 ± 5 K) attainable in our measurement
system. Because of this low substrate temperature, the gold
formed one-atom-thick 2D crystallites sitting on the top of the
oxide ﬁlm in agreement with the theoretical calculation
described below. Unlike our previous study performed at
higher temperature (500 K), probably no exchange between the
gold and the oxide layer took place. The STM image of 20 nm
× 20 nm in Figure 4c shows a w-TiO-UTO ﬁlm exposed at 300
K by ∼0.1 monolayer (ML) of gold. The height of the
nanoparticles is ∼0.2 nm, the diameter of them changes in the
range of 1.5 to 2 nm, the particle size distribution is very
narrow, and the position of the particles exhibits a clear
ordering (Figure 4e). These properties are characteristic for
nanoparticles grown and templated on the top of TiOx-UTO
ﬁlm.9 Note that the surface concentration of the nanoparticles
is ∼1.3 × 1012 cm−2 which is only two to three times higher
than the value received for Rh-free regions of TiO2(110)
surface shown in Figure 1a. The neighboring particles are in a
distance of ∼1.6 nm very close to the unit cell vector of the
wheel structure (Figure 4c,e). The constant height image in
Figure 4d exhibits a single Au particle of a suﬃciently small size
to clearly detect that the pinwheel structure circumvented the
particle. As indicated by straight lines, the Au nanoparticle
consists of approximately six to eight atoms centered almost
perfectly in the region among the corners of three bright
triangles (H9 site as denoted below). This ﬁnding is in excellent
agreement with the prediction of DFT calculations presented in
the following chapter.
DFT Calculations. As previously mentioned, the w-TiO-
UTO layer was modeled with M−Ti−O stacking sequence
proposed by Barcaro et al.,11 where “M” refers to Rh in our
case. Note that the mechanism widely accepted for the
formation of an encapsulation layer on a supported metal
nanoparticle is based on the diﬀusion of Ti and O atoms of the
bulk to the Rh(111) top facets and the occupation of fcc or hcp
sites. The diﬀusion of oxygen on top of titanium layer
(formation of O-terminated UTO ﬁlm) is thermodynamically
favored because of the larger heat of formation of Ti−O (672 ±
9.2 kJ/mol) than Rh−O (405 ± 41.8 kJ/mol) bond. Figure 2a
shows the atomic ball model we have used to describe the w-
TiO-UTO layer, where the Ti and O atoms are placed in hcp/
fcc sites on the Rh(111) surfaces in such a way that the
periodicity criterion be fulﬁlled and a Ti:O = 1.14 stoichiometry
is obtained. Note that because of lattice mismatch between the
substrate (0.270 nm) and TiO layer (0.315 nm), dislocations
lines are formed. Therefore, Ti atoms inside the islands are 3-
fold coordinated (Ti3) to O atoms, while those at the boundary
are constructed as 4-fold O-coordinated (Ti4) sites (Figure 2a).
The number of Ti and O atoms placed in the fcc/hcp sites were
17/11 and 22/10, respectively. The atomic model of the w-
Figure 2. (a) Initial and (b) relaxed atomic positions of the w-TiO-
UTO layer. (For more details, see the text.) At the bottom of the
ﬁgure the relaxed atomic layer structure of the diﬀerent elements (Rh,
Ti, O) can be seen.
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TiO-UTO layer previously described corresponds to the so-
called T5 structure (Figure 3b).28 Note that to simulate the T6
structure mentioned above, the number of Ti and O atoms
found in the fcc/hcp sites was modiﬁed to 22/6 and 17/15,
respectively. Performing the DFT calculations described above,
it was found that upon structural relaxation the Ti4 and Ti3 ions
belonging to the brighter triangular islands detected by STM
have the same height (Figures 2b and 3b). On average, they lie
above the Rh topmost layer by 0.220 nm. Furthermore, the
average height of the remaining Ti3 cations (those located
outside the brighter triangle) was ∼0.216 nm above the same
Rh layer. This suggested that the vertical separation between
the two kinds of islands was ∼0.004 nm. A similar trend was
also obtained upon the relaxation of T6 structure (not shown),
except that a few Ti ions located at the borderline of the islands
moved up or down (two atoms relaxed up by 0.001 nm and
two others relaxed down by 0.002 nm with respect to the
average position of Ti ions in the brighter triangle. The lateral
position of Ti and O ions of the relaxed structure is shown in
Figure 2 (bottom). It was found that the oxygen layer is
strongly distorted, especially along the dislocation line;
moreover, the average position of the O layer is located
0.285 nm above the topmost Rh layer. It is clear that the Ti
ions also exhibit a strong local deviation from the approximate
direction of the atomic rows, which are in a rotated position of
3 grad relative to the original Rh(111) close-packed direction.
Accordingly, the STM observation of a slight rotation between
Rh(111) and w-TiO-UTO lattices is automatically reﬂected via
the calculations.27
The simulation of STM images was done following the
Tersoﬀ−Hamann approximation, which assumes that the STM
current is proportional to the local density of states.34 Maps
were simulated at 1.8 V and at a height corresponding to 0.32
nm above the topmost oxygen atom (Figure 3a). It should be
pointed out that at positive bias voltage, the densities of state
above the Fermi level are dominated by the d -orbitals of the Ti
ions, so the dots appearing in STM images correspond to Ti
ions. It is obvious at ﬁrst glance that the simulated and the
measured STM images for the T5 pattern agree very well
(Figure 3a,b): (i) formation of triangles consisting of ﬁve dots;
(ii) higher brightness at the corner dots; (iii) all sites of the
hexagonal lattice are visible (there is no missing Ti ion,“pico-
hole”); (iv) comparing the experimental and the calculated
images, the deviation of the dots (brighter or darker) from an
ideal hexagonal lattice is well reproduced. It is important to
note that although a picohole-like feature at the corner of the
triangles was found in the STM-simulated image for the T6
structure, no Ti cation was missing even in that case. This
nanohole feature is simply the result of a downward relaxation
of one of the Ti ions among corner Ti ions of the triangles,
which is located 0.02 nm below the average Ti layer. We found
that the Ti4 atoms appear brighter than Ti3 ions; furthermore,
the corner Ti4 ions look the brightest. It is also an important
result that after the relaxation the Ti4 atoms are in 2-fold Rh-
bridge positions, indicated by red circles in Figure 2b. Because
all Ti ions of the brighter triangular islands have more or less
the same height, the diﬀerence in the atomic contrast can be
ascribed to electronic eﬀects. To verify this idea, we computed
the projected density of states of some characteristic atoms
labeled 1, 2, 3, and 4 in Figure 3a and integrated the area under
the PDOS curves from Fermi energy to +2.0 eV (Figure 3c).
The results are shown in Table 1. It can be seen that the corner
Ti4(1) has a higher number of electronic states than Ti4(2).
This explained why the corner Ti4 looks brighter than the other
Ti4 ions in STM images. Moreover, Ti3(3) exhibits a lower
number of states than Ti3(4) atom. Because the latter site lies
by 0.004 nm with respect to the other site (see above), its
darker appearance is probably connected to the geometrical
factor. On the basis of DFT total energy calculations, it is found
that the T5 structure is energetically lower than the T6 model
by 1.03 eV. This makes the formation of the latter structure
unlikely at low temperature. But because the w-TiO-UTO ﬁlm
is formed after repeated cycles of thermal annealing, the energy
barrier for its formation of the T6 structure can be overcome.
This can explain the rare occurrence of T6 structure in STM
experimental ﬁndings with respect to T5.28
We estimated the adhesion energy of the oxide layer on the
Rh(111) surface by separately calculating the total energy of the
relaxed Rh(111) surface (E1), the relaxed oxide layer (E2), and
the oxide/Rh(111) system (E3). The energy of adhesion Ead
was then determined as Ead = [(E1 + E2) − E3]/A, where A
indicates the surface area. All calculations were carried out using
the same supercell as mentioned above. We found out that the
adhesion energy equals 28.3 eV/nm2 (4.534 J/m2), suggesting a
strong adhesion of the w-TiO-UTO ﬁlm at the Rh(111)
surface. The formation of strong covalent bonds at the interface
Figure 3. (a) Simulated and (b) measured STM ch-images (5 × 5
nm2) for comparison of the lattice distortions. The projected density
of empty states (PDOS) of selected Ti ions for (c) a clean and (d) a
single Au-atom-decorated (see the text) w-TiO-UTO layer. Table 1. Integrated Values from Fermi Energy to +2.0 eV
under the PDOS Curves (Empty Electronic States) and
Lowdin Atomic Charges Taken for Diﬀerent Ti Ion
Positions Calculated for a Clean (Ef = 6.211 eV) and an Au-
Decorated (Ef = 3.4892 eV) w-TiO-UTO Layer
a
position of Ti
ion (see
Figure 3a)
empty electronic
states (e−)
(w-TiO-UTO)
Lowdin atomic
charge (e−)
(w-TiO-UTO)
Lowdin atomic
charge (e−) Au on
w-TiO-UTO
1 3.97 10.718 10.710
2 3.34 10.736 10.735
3 3.18 10.730 10.729
4 3.79 10.772 10.771
aCorresponding PDOS curves are shown in Figure 3c,d.
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between the oxide ﬁlm and the Rh surface leads to a higher
stability (or a very low reactivity) of the oxide ﬁlm.
In the following part we analyze our DFT results obtained by
putting an Au atom on the diﬀerent sites of the w-TiO-UTO
layer listed in Table 2 and indicated in Figure 4a. The DFT
total energy calculations suggest that the best adsorption site
for gold is the H9 position, which was chosen as a reference
point in Table 2. In this position Au atom lies above the
average Rh topmost layer by 0.518 nm, and it is bonded in top
conﬁguration to a Ti atom positioned at the intercorner region
of the bright triangles. The calculated Au−Ti bond length
equals 0.253 nm. We calculated the adsorption energy by
subtracting the energy of the relaxed w-TiO-UTO/Rh(111)
surface and of the isolated Au atom from the total energy of the
system and by considering the absolute value. The adsorption
energy of Au at the H9 site is 2.72 eV. This value is slightly
lower than what was found for a gold atom at the “k-TiOx”
phase of the Au/TiOx/Pt(111) system (2.96 eV), where the Au
gets trapped in nanoholes, but it is certainly higher than those
values found for other phases such as “rect”, “z-TiOx”, and “z’-
TiOx”.
38,39 Although the added gold does not induce a great
change in the atomic geometry of the surface oxide ﬁlm, the
surrounding oxygen atoms are aﬀected rather strongly. They
move down by 0.005 nm. By putting Au atom in all other
positions calculated here, the total energy increases. The
calculation of Au in Top4 and H4 sites leads to a total energy
that is higher by 0.23 eV for both sites. Moreover, we found
that in the case of Au at the Top3 or H6 sites the total energy
increases for the brighter triangle and darker triangle by 0.29
and 0.24 eV, respectively (Table 2). This indicates a diﬀerent
reactivity of Au with respect to these islands; the gold atom
prefers rather to adsorb at the Top3 or H6 sites located at the
darker triangle instead of the brighter one. The occupation of
Au on top of an oxygen atom (TopO) results in an even larger
total energy increase compared with H9 site (reference point).
In contrast with the Top3 sites, the reactivity of Au to oxygen
atoms of both triangles is about the same. Furthermore, it was
found that placing Au in the H4 and H6 sites results in unstable
conﬁgurations. For both initial conﬁgurations, Au moves from
the H4 (H6) sites to the Top4 (Top3) positions, suggesting a
very low energy barrier between these sites (H4-Top4, H6-
Top3).
Regarding the possible exchange between the Au and the Ti
atoms located in Top4 (Top3), our calculations suggest that
such possibilities are unlikely owing to high energy diﬀerence
(Table 2). This means that Au is more likely to be found on top
of the w-TiO-UTO layer than at the oxide/Rh interface. Note
that in a previous experimental work a signiﬁcant exchange
between Ti and added Rh was observed only above 250 K
sample temperature, and it was concluded that this process is
thermally activated.37 For gold, similar exchange behavior was
detected at >500 K.31 In the present work we found that the
gold grows on the top of the UTO ﬁlm at RT and a well
detectable template eﬀect was observed (see above).
We have also calculated the projected densities of state of
selected Ti atoms in the presence of an Au atom at H9 site
(Figure 3d). We followed the same procedure for the same
atomic sites considered above in the case of a clean w-TiO-
UTO surface. It is worth mentioning that the presence of Au
caused only a slight modiﬁcation of the density of empty states.
This ﬁnding is further correlated with the fact that the Lowdin
atomic charges of the same atoms before and after Au
adsorption, as shown in the Table 1, are almost the same.
Moreover, the Lowdin charge of the Au atom shows an increase
in the number of electrons by 0.54e−. Thus, there is an overall
charge transfer from the slab to Au atom. Most of the electrons
transferred come from the Ti atom bonded to Au and from the
nearby O atoms. All other atoms of the slab give only a tiny
part of their electronic charge. The simulated STM image (1.8
V, 0.32 nm above w-TiO-UTO surface) is displayed in Figure
4b. Gold appears as a bright protrusion at the regions among
the corners of the bright triangles (around H9 site). The STM
contrast of Au is mostly due to its atomic height above the
surface (0.518 nm above the Rh surface, i.e., 0.3 nm above the
topmost Ti atoms). Interestingly, it is still possible to make a
distinction between the brighter and darker islands even upon
the adsorption of Au. One can suggest that both topographic
Table 2. Total Energy Diﬀerences (eV) with Respect to the
Best Adsorption Site (H9) for a Single Gold Atom Decorated
w-TiO-UTO Super Cell
adsorption site brighter triangle darker triangle
H9 0 0
Top4, H4 0.23 0.23
Top3, H6 0.29 0.24
TopO 0.65 0.66
Exchange-Top4 1.05
Exchange-Top3 3.08
Figure 4. (a) Adsorption sites for Au atom used in the DFT
calculations. (b) STM simulation of Au adsorbed at the H9 site on the
TiO-UTO surface. (c) STM cc-image of 10 × 10 nm2 taken on w-
TiO-UTO ﬁlm deposited by Au of <0.005 ML at 300 K. (d) STM ch-
image of 7 × 7 nm2 showing the position of an Au nanocluster
consisting of six to eight Au atoms relative to the wheel structure. (e) z
proﬁles taken along the lines indicated in panel c.
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and electronic eﬀects play a great role in the appearance of
STM images of the Au/w-TiO-UTO interface. It is also worth
remarking that the negative charge of gold atoms adsorbed in
H9 sites probably also contributes to the appearance of the
template eﬀect observed by STM (see above).
■ CONCLUSIONS
In the ﬁrst part of this work we presented shortly an
experimental procedure by which extended Rh nanoparticles
possessing large (111) top facets and encapsulated by pinwheel
TiO∼1.2 UTO layer can easily and reproducibly be fabricated.
The atomic level structure of the highly ordered w-TiO-UTO
decoration layer was revealed by STM. Taking into account the
structural/spectroscopic data and predictions of similar UTO
layers described in the last several years for several other
material compositions, the structural relaxation of a simply
constructed initial atomic conﬁguration was tested by DFT
calculations. The relaxed structure was used for simulating
STM images. It was found that the simulated image ﬁts well to
the STM image recorded in constant height mode. The lateral
distortion of Ti ion layer from an ideal hexagonal lattice and the
relative brightness of the diﬀerent Ti sites reﬂect themselves
perfectly in the simulated images. The results clearly show that
the characteristic “pinwheel” pattern (consisting of bright
triangles) is mainly a consequence of the O:Ti stoichiometry
exceeding 1 and of the diﬀerent oxygen coordination of the
individual Ti ions within the supercell. The two variants of the
wheel structures (T5 and T6) of the same size supercell found
by STM were well reproduced via the simulations. The DFT
calculations clearly showed that strong covalent bonds form at
the interface between the oxide ﬁlm and Rh surface, leading to
an increased stability and a very low reactivity of the oxide ﬁlm.
Au atom was found to be adsorbed preferentially at the
intercorner region among the bright triangles of the pinwheel
pattern. It was shown also by STM measurements that the
initial nucleation of gold proceeds preferentially at these sites at
RT, and a clear evidence was found for a template-governed
growth of gold at 300 K. The theoretical calculations suggested
that there is a charge rearrangement within the layer on the
eﬀect of Au adsorption; moreover, looking at Lowdin charge of
Au atom, an overall charge transfer (0.54 e−) from the slab to
Au was found.
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